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We show that the quasi-1D behavior of BaVS 3 can be understood analyzing the X-ray absorption near edge spectra at the sulfur K edge. Linear dichroïsm experiments, analyzed with the help of ab initio calculations, reveal two strong and polarization dependent pre-edge features, induced by the band character of the 3d vanadium levels. They are related to crystal field split t 2g and e g states. When the temperature is lowered, the t 2g feature shifts progressively to higher energy, and its intensity increases for the polarization along the c-axis, stacking direction of the V-S face sharing octahedra. This behavior points to the depletion of sulfur states and thus the lack of S 3p -V 3d hybridization in the direction of V-S chains.

Introduction

Understanding the interaction of itinerant and localized electrons is one of main challenges in solid state sciences. It determines properties of a large class of correlated systems with very rich phase diagrams, involving a subtle interplay between charge, orbital, and spin degrees of freedom [1]. The complex electronic structure of BaVS 3 , in spite of its apparently simple quasi-1D geometry, ranks it among model compounds for the study of the competition of different ordering parameters.

BaVS 3 structure is constituted of chains of V-S face sharing octahedra running in c-direction and separated by Ba atoms [2]. The distance between neighboring V atoms along the V-S chains is less than two times * Corresponding author: vita.ilakovac-casses@upmc.fr shorter then the one between the chains. It could thus be considered as a quasi-1D compound. Nevertheless, its conductivity anisotropy is extremely low compared to usual quasi-1D compounds [3]. It undergoes three low temperature second order transitions. In stoichiometric BaVS 3 , they occur at 240 K, 69 K and 30 K. The first is related to a structural change, a zigzag deformation of the V-S chains, reducing the crystal symmetry from hexagonal to orthorhombic, without altering its paramagnetic and conducting properties [2]. The metalinsulator (MI) transition at T MI = 69 K is accompanied by the doubling of the unit cell in the c direction [4]. The pre-transitional diffuse lines, observed at the wavevector q MI = 0.5 c * in x-ray diagrams, reveal the formation of the charge density waves (CDW) in V-S chains already at 170 K [5]. It is surprising that only half of active electrons directly participate to the 2k F Peierls instability. Spin degrees of freedom are affected at the MI transition [3], but freeze only below the Néel temperature, T N = 30 K, establishing an incommensurate antiferromagnetic (AF) order in the (a, b) plane, as determined by the inelastic neutron scattering measurements on powder samples [6]. The third component of the AF incommensurability is brought to light by single crystal resonant X-ray diffraction at the V L 3 edge, refining the ordering wave vector q AF = (0.226, 0.226, 0.016) [7,8]. Moreover, these measurements reveal that the spins are polarized along the a direction and ordered alternatively in the b direction of the lowest temperature (monoclinic) unit cell. A conical spin arrangement could explain the incommensurate order along V-S chains [9].

Local density approximation (LDA) calculations reveal an interplay between two different types of t 2g electron states at the Fermi level: two narrow e(t 2g ) bands, and one dispersive band with mainly d z 2 character, related to delocalized states directed along the V-S chains [10,11,12]. They are occupied by a single 3d 1 electron of the formally V 4+ ion. However, according to the LDA, the delocalized d z 2 states are nearly completely filled, which overestimates the itinerant character and fails to explain the gap opening in the insulating phase. LSDA + U calculations, including a static exchange and an antiferromagnetic ordering in the (a,b) plane, find a 0.15 eV gap but do not explain the paramagnetism in the metallic phase [13]. The experimental 1:1 filling ratio of the d z 2 /e(t 2g ) states and the gap opening in the insulating phase are correctly reproduced when the correlation and exchange effects are included via dynamical mean field theory (DMFT) [14].

Already in earliest studies, it was shown that the sulfur content is determinant for BaVS 3 properties. Massenet et al. [16] report lowering of the T S down to 150 K and ferromagnetic behavior below 16-17 K in BaVS 3-δ with δ = 0.12. More systematic study of magnetization, conductivity and NMR measurements are performed with a formal δ = 0.05, 0.10, 0.15 and 0.20 [17]. The deficiency of about (nominal) 3 % turns BaVS 3-δ to paramagnetic semiconductor already at room temperature. A short range 3D charge order (CO) at the wave vector q CO = (2/3, 0, ≈ 1/5) O exists already at 300 K. Quasi-1D Peierls instability is suppressed. Instead, a long range order develops at q CO below 110-220 K [18,19]. The work of Yamasaki et al. [17] confirms that below 15-18 K the sulfur deficient BaVS 3-δ becomes a ferromagnet.

X-ray absorption near edge spectroscopy (XANES) is an experimental tool which is able to give relevant information on both structural and electronic aspects of a studied system. The full power of this spectroscopy is used when the polarization analysis is applied on a single crystal material, as the selection rules permit to probe particular electronic states. The purpose of this paper is to show that such experiments combined with the ab-initio simulations reveal subtle details of the electronic structure of BaVS 3 in different phases of the compound. The originality of the work is in performing the measurements at the S K edge, a priory probing S 3p states, while gaining insight into relative (de)localisation of V 3d states, driven by the V 3d -S 3p overlap.

The details of the realized S K edge polarization and temperature dependent XANES experiment on BaVS 3 and accompanying calculations are presented in the section 2. They are followed by the presentation of results and their interpretations in section 3 and 4, respectively.

Experiment and calculation details

Single crystal BaVS 3 samples are grown by the tellurium flux method [20]. Strong polarization dependence of the S K edge x-ray absorption spectra at room temperature (measured in the fluorescence mode) was c and ⊥ c. The intensity of the fluorescence was measured in a total yield mode by a detector at 90 • scattering angle. The inflection point of the S edge of the pure sulfur was at 2472 eV with the energy resolution of 0.3 eV. The normalization and the self-absorption correction of the spectra are performed by a code using the procedure described in ref. [21,22].

Calculations of the room temperature spectra are performed by the Finite Difference Method Near Edge Spectroscopy (FDMNES) code [23] in the LSDA+U frame. Prior to the evaluation of the cross section, the Schrödinger equation is resolved by the finite difference method in the excited state of a 6 Å cluster embedded in a hexagonal phase BaVS 3 .

Results

Room temperature BaVS 3 S K edge XANES spectra in Fig. 1 show a very strong pre-edge doublet at 2468-2472 eV, a large structured edge feature at 2472-2484 eV and two extended structures at higher energy. The difference between the c and ⊥ c spectra is particularly strong in the pre-edge and the edge region, and becomes less important, but still existent at higher en- ergy. We keep the pre-edge terminology because these features, often present in the S or O K-edges in metallic oxides or sulfides appear at lower energy than the corresponding edge in pure compounds.

FDMNES calculations reproduce all the features in the experimental spectra (see Fig. 2). There are however small differences in relative positions and shapes. In particular, the extended structures are slightly shifted to lower energy and the edge structure at 2480 eV is not as large as the experimental one.

The pre-edge and the edge region (2468-2484 eV) is enlarged in Fig. 3. The polarization dependence is here much more evident compared to the spectra collected at the V L edge [START_REF] Ilakovac | [END_REF]. It is worth to note that V L edge xray absorption spectroscopy probes V 3d states directly via dipolar transition rules, while S K edge XANES gives only an indirect insight, through V 3d -S 3p hybridization. The polarization dependence is particularly important in the region of the second pre-edge peak (2469.2 eV), where σ e is much stronger compared to σ e ⊥ (e stands for experiment). Moreover, the energy difference between the two pre-edge features, is not the same for the two geometries: ∆ e = 1.2 eV, while ∆ e ⊥ = 1.8 eV. The difference of the two spectra (σ eσ e ⊥ ), the linear dichroïsm, is shown in the same figure.

Fig. 4 shows the simulated spectra in the same energy range. The energy difference of the pre-edge peaks is ≈ 50 % larger compared to the experiment, as ∆ c = 2.0 eV and ∆ c ⊥ = 2.4 eV (c stands for calculation). Including electron-electron interaction of 5 eV on Vand 2 eV on S-sites improves relative intensities. It induces a partial spectral weight transfer from 2472 eV to 2476 eV and modifies the pre-peak region for c. However, it does not modify the relative shift of the two pre-edge features: ∆ is not related to the correlation gap. Decreasing the effective core-hole screening to 0.5 elec- trons (transition state method with fractional occupation [START_REF] Stöhr | NEXAFS Spectroscopy[END_REF]) increases the two peaks in the pre-edge region, in particular the first peak for c. It is interesting to note that the calculated c spectra are much more dependent on the cluster size compared to the ⊥ c spectra, indicating that they probe more delocalized states.

The difference of the calculated spectra, σ cσ c ⊥ , is presented by the green line in Fig. 4. It matches well the experimental linear dichroïsm except in two points. First, at the very beginning of the pre-edge, the experiment shows no dichroïsm, while the calculated σ c is more intense than σ c ⊥ . Second, the experiment shows positive dichroïsm at 2482 eV, while the calculations predict slightly negative value. The first discrepancy can be explained by the inability of the LDA based methods to describe correctly the relative occupation of the states at the Fermi level. The second difference can be related to a slight difference of the amount of the sulfur oxide at the surface of the two samples.

The temperature dependence of the two pre-edge structures is shown in Fig. 5. For both orientations, the first pre-edge structure shifts progressively to higher energy as the temperature is lowered. From 300 K to 40 K, the total shift is ≈ 80 meV. Moreover, for c, the first pre-edge structure increases in intensity for ≈ 8% as the temperature is lowered from 300 K to 100 K and remains constant below.

Discussion

Pre-edge structures in ligand K-edge spectra of transition metal compounds are often related to mixing of metal-ligand unoccupied states close to the Fermi level.

In the case of BaVS 3 , V 3d states overlap with S 3p states.

To understand the polarization dependence, we use Cartesian coordinates (x, y, z) with z along the c crystal axis. At the S K edge, quadrupolar transitions are negligible. Thus, when the polarization is along x, y, z, we probe respectively unoccupied 3p x , 3p y , 3p z sulfur states. Moreover, in the hexagonal phase of BaVS 3 , the 3-fold axis makes that in the dipole approximation, the absorption signal is isotrope when the polarization is parallel to the basal (x,y) plane, so we can distinguish only z and ⊥ z orientations. Fig. 6 illustrates the relation between S 3p and V 3d orbitals in V-S octahedra. The point group of vanadium is D 3d . Two of its 3d orbitals corresponding to e g representation have lobes pointing to sulfur atoms are shifted to higher energy by the crystal field splitting (upper panel). Other two, e(t 2g ), point to the faces of the V-S octahedra, similarly to d z 2 states, and are shifted to lower energy (lower panel).

The S 3p and V 3d projected density of states (DOS) calculated by FDMNES is shown in Fig. 7. Similarly to the DOS calculations published previously [10,13,15] S 3p states are strong in the occupied part, while in the unoccupied part V 3d predominates. V 3d unoccupied DOS is increased at E-E F ≈ 0 eV, 1 eV, and 1.8-2.8 eV. The first increase corresponds to d z 2 and e(t 2g ) states at the Fermi level, the second to the d z 2 free-electron parabola and the third to e g states. S 3p DOS is increased at energies where V 3d states have important density showing that their hybridization is strong. In e g region, the S 3p z DOS is important at 1.8 eV, while S 3p x,y has its maximum at 2.7 eV. This can explain the difference in the pre-edge energy splitting, ∆ e (∆ e ⊥ ) of 1.2 eV (1.8 eV), respectively, even if the calculated values are overestimated. The crystal field splitting is differently probed by z and ⊥ z polarization. On the other hand, the low S 3p x,y DOS at E-E F ≈ 1 eV indicates that d z 2 mixes mostly with the S 3p z states. The S 3p z -V 3d z 2 hybridization is thus the main factor of the quasi-1D behavior of BaVS 3 .

Contrary to the polarization dependence which is very strong, the temperature variation of the spectra in Fig. 5 is relatively small. For both geometries, the first pre-edge feature shifts to ≈ 80 meV higher energy, when the temperature is lowered from 300 K down to 40 K. This value is large compared to the 42 -70 meV charge gap opening in V 3d states below T MI [3,26,27,28,29,30]. The shift is progressive, as for 200 K (not shown), its value is in between these measured at 300 K and 100 K. Indeed, at T S = 240 K, BaVS 3 exhibits a hexagonal to orthorhombic second-Figure 6: Schematic presentation of V 3d and S 3p electronic states in the room temperature phase. Five V 3d states, two e g (upper panel), d z 2 and two e(t 2g ) (lower panel), are centered on V atoms. S 3p x,y (yellow lobes) and S 3p z (orange lobes) are centered on one of six S atoms at the edge of V-S octahedra, stacked along the z-direction. Below T S , V atoms are displaced out of the center of the octahedra, alternatively in positive (negative) x-direction. Contrary to the hexagonal phase, were all S atoms are equivalent by symmetry, in the orthorhombic phase, there are two types of sulfur atoms, S 1 , in the (x,z) plane (orange points), and two S 2 (yellow points), per octahedra. order transition. The temperature evolution of cell parameters indicates that the orthorhombic distortion progressively increases when the temperature is lowered [31]. It does not affect remarkably the conducting properties immediately at T S [3], but it induces a degeneracy break of the two e(t 2g ) states. One of them shifts to 100 meV higher energy (at 100 K), while the other hybridizes strongly with d z 2 states [15]. The depletion of V 3d states with strong DOS the Fermi level, reflects in the S K edge XANES as a high energy shift of the first pre-edge peak.

The first pre-edge structure as well increases in intensity for c, when the temperature is lowered. This effect is related to the decrease of the S 3p z -V 3d z 2 hybridization, induced by the zig-zag deformation of vanadium chains. Together with the formation of charge density waves in chains in the pretransitional range (2k F fluctuations below 170 K), it can induce semiconducting behavior already at 130 K, the temperature which is far above the 69 K MI transition [32].

Conclusion

BaVS 3 has attracted strong scientific interest since more than forty years, first for its mixed 1D and 3D behavior, and now as a model compound for the study of the localized/itinerant states' interplay. Its properties still hide mysteries, in particular the question of the semiconducting behavior onset above the metalinsulator transition, and the extreme dependence of its properties on the sulfur content. This work combines S K edge x-ray absorption near edge spectroscopy (XANES) and ab initio calculations in order to provide original data on the relation between sulfur and vanadium electronic states inside V-S chains. S K-edge XANES measurements reveal two strong and polarization dependent pre-edge structures, related to S 3p and V 3d crystal field split, t 2g and e g , states. The first feature shifts progressively to ≈ 80 meV higher energy when the temperature is lowered from 300 K (metallic state) to 40 K (insulating phase). Moreover, when the incoming light polarization is parallel to the c-crystal axis, its intensity increases. This behavior is interpreted by the progressive depletion of S 3p z -V 3d z 2 hybridization due to the zig-zag deformation of V-S octahedra chains.
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 1 Figure 1: S K edge XANES of BaVS 3 measured for c (σ e , orange cercles) and ⊥ c (σ e ⊥ , black points). Superscript e stands for experiment.

Figure 2 :

 2 Figure 2: Calculated S K edge cross section of BaVS 3 in Mbarn per unit cell for c (σ c , orange line) and ⊥ c (σ c ⊥ , black dotted line). Superscript c stands for calculation.

Figure 3 :

 3 Figure 3: Polarization dependence in the near S K edge region. The difference of the intensities, σ eσ e ⊥ , the linear dichroïsm, is shown by green squares.

Figure 4 :

 4 Figure 4: Calculated near S K edge spectra for c (orange line) and ⊥ c (black dotted line). Linear dichroïsm, σ cσ c ⊥ , is presented by the green dotted line.

Figure 5 :

 5 Figure 5: Temperature dependence of the two pre-edge features for the two orientations, c and ⊥ c, shifted vertically for clarity.

Figure 7 :

 7 Figure 7: S 3p and V 3d projected DOS of BaVS 3 . Sulfur DOS is multiplied by five in order to be more evident in the unoccupied part.

[32] Recent structural refinements, reported by A. Arakcheeva et al. in this Proceedings, point to a new structural transition at 130 K which can be responsible for the semicondutcing behavior below this temperature.
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